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PhotovoltaicAbstract Copper indium diselenide CIS (CuInSe2) thin ﬁlms are prepared using electrochemical
potentiostatic deposition technique (one step). The concentrations of SeO2 are (2.5 M, 3.75 M
and 5 M), deposition potential is (500, 600 mV) (SCE) and deposition temperature (25,
40 C). The parameters for high-quality and homogeneity of CuInSe2 thin ﬁlms fabrication are:
deposition time 1.5 h and SeO2 concentration 3.75 M. CIS was deposited on sputtered Mo thin ﬁlm
as a back contact on glass substrate. High concentration of citric acid (100 M) was used in the bath
solution. CIS thin ﬁlms were characterized using XRD, EDAX, SEM and FTIR. Broadened dif-
fraction peaks of CIS prepared at {25 C, 500 mV (SCE)} were obtained in XRD, while its crys-
tallinity was enhanced after heat treatment process. On the other hand, directly formation at {40 C,
600 mV}, in addition, obtaining new planes of CIS after heat treatment. Notice, improvement of
absorption peak of CIS at range 2345.28–2857.67 cm1, corresponding to (Cu–Se2–In) by applying FTIR
test at {T=40 C,V=600 mV SCE}. As a result of changing deposition conditions, layer thickness of
CIS increased from 0.799 to 1.979 lm and, the particle size of CIS decreased from 32 to 25 nm.
ª 2014 Production and hosting by Elsevier B.V. on behalf of Faculty of Engineering, Alexandria
University.1. Introduction
The cost of used non-renewable energy is increasing dramati-
cally. Hence, alternative energy sources are needed to replace
the traditional energy sources. Renewable energies (as wind
and solar energy) are in demand clean, environmental friendly,
and endless in supply [1–6]. The ternary compound (I–III–VI2)
semiconductor CuInSe2 (CIS) has become one of the leading
materials for large scale. It has direct band gap, high absorp-
tion coefﬁcient (>103 cm1), stability against photodegrada-
tion and good thermal stability. It has high absorption
property more than 90% of the photon energy [7–9]. CIS is
732 A.E.-H.B. Kashyout et al.one of the most promising absorber materials for thin ﬁlm
solar cells with the low cost. Therefore, these cells are of the
best type of solar cell which involve in manufacturing cells
(PV) light used as a source of renewable energy [10].
There are several methods for preparation of CIS thin ﬁlms
have been reported, such as co-evaporation, sputtering, seleni-
zation, in addition to, two types of Electro-chemical deposi-
tion. Firstly, two-step deposition, CIS ﬁlms are usually made
by depositing Cu–In layer and In–Se layer or by depositing
Cu–Se layer and In–Se layer. Secondly, one-step deposition,
that provides all constituents from the same electrolyte in a
single step [2,11,12]. Until now, electro-chemical deposition
(one step technique) is the most successful technique to obtain-
ing good-quality, large-area CIS precursor ﬁlms and it does
not require very pure starting materials and vacuum chamber
or elevated temperature [7].
This study is devoted for the determination of the best con-
ditions of CIS thin ﬁlms preparation and the best structural
properties of the resulting ﬁlms. Consequently, CIS thin ﬁlmsFigure 1 The EDAX pattern of CuInSe2 thin ﬁ
Figure 2 The EDAX pattern of CuInSe2 thin ﬁare prepared using electrochemical deposition technique (one
step) in aqueous solution. Samples were characterized using
X-ray diffraction, energy-dispersive X-ray analysis; scanning
electron microscope and Fourier transform infrared
spectrophotometer.2. Experimental
Electrochemical deposition technique (one step) of CuInSe2
thin ﬁlms is carried out in an aqueous solution (potentiostatic
mode). The potential of the working electrode is controlled in a
predetermined manner using a conventional three-electrode
conﬁguration. One of them is the saturated calomel electrode
(SCE) and is used as the reference electrode. The Pt foil is used
as the counter electrode and the Mo back contact on glass sub-
strate (using sputtering technique). The constituents of the
electrolyte used for the electrochemical deposition of CIS thin
ﬁlms are 3 M CuSO4, 3 M In2 (SO4)3, 100 M citric acidlm at T= 25 C and V= 500 mV (SCE).
lm at T= 40 C and V= 600 mV (SCE).
Figure 3 X-ray diffraction patterns of CIS deposition at
T= 25 C and V= 500 mV (SCE); (a) before heat treatment
and (b) after heat treatment at 450 C for 1 hr in N2.
Table 1 The elemental composition of EDAX patterns of CuInSe2 thin ﬁlms at different preparation parameters.
Sample Cu
conc. (M)
In
conc. (M)
Se
conc. (M)
Deposition
temperature (C)
Deposition
potential (mV)
Deposition
time (h)
Heat
treatment (C)
EDAX analyses
Cu% In% Se% Cu/In
1 3 3 3.75 25 500 1.5 450 26.94 23.85 49.22 1.1296
2 3 3 3.75 25 500 2 450 15.577 19.66 64.79 0.793
3 3 3 5 25 500 2 450 22.599 24.39 53.03 0.927
4 3 3 3.75 25 600 1.5 450 Bad adhesion thin ﬁlm
5 3 3 3.75 40 600 1.5 450 25.17 25.2 49.63 1
(One-Step) electrochemical deposition and characterization of CuInSe2 thin ﬁlms 733(C6H8O7) and 2.5, 3.75 or 5 M SeO2 at pH= 2.1 [13]. The
applied potential was 500 and 600 mV (SCE) for CIS thin
ﬁlms at different deposition temperatures 25 or 40 C. Then,
heat treatment is carried out for producing thin ﬁlms of CIS
under nitrogen gas at 450 C for one hour [5]. Characterization
and measurements of the produced CIS thin ﬁlms were carried
out using X-ray diffraction patterns (XRD), energy-dispersive
X-ray spectroscopy (EDAX), scanning electron microscopy
(SEM) and Fourier transform infrared spectra (FTIR).
3. Results and discussion
3.1. Energy dispersive X-ray analysis (EDAX)
The composition of the deposited thin ﬁlms was explored ele-
mentary by JEOL 5300 scanning electron microscope embed-Figure 4 X-ray diffraction patterns of CIS deposited at T= 40 C
heat treatment (450 C for 1 h in N2).ded with EDAX microanalysis. An accelerating voltage of
20 KV was used and various measurements were carried out
on different regions.
The elemental composition of CuInSe2 thin ﬁlm deposited
on sputtered Mo thin ﬁlm on glass with deposition parameters
is shown in Figs. 1 and 2 and the obtained results are listed in
Table 1. The obtained composition for CIS thin ﬁlm was
expected and proved the ratio of selenium to be twice that of
copper and indium together with a slight increase of copper
over indium by about 1.13 (sample 1 in Table 1). In the other
cases the ratio of presence copper to indium is less than one
(samples 2, 3 in Table 1). The high quality precursor CuInSe2
thin ﬁlm is obtained using the mentioned optimized deposition
parameters at sample 5 (Table 1), which are the increase in
both deposition temperature and potential to T= 40 C and
V= 600 mV (SCE). The Cu/In ratio is modiﬁed to one with-
out any noticeable change in the Se atomic ratio. It is clear that
the preparation of CIS thin ﬁlms at room temperature and the
same potential produces very bad adhesion (sample 4 in
Table 1). It may result from the improvement of crystallinity,
but oxidations are occurred and the ﬁlm quality is decreased
gradually.
3.2. X-ray diffraction (XRD) patterns
Cu Ka radiation of wavelength 1.5418A at 40 kV and 30 mA
was used to get the diffracted patterns. Fig. 3 displays the high-
est peak of InSe2 which appeared at 2h= 8.0259, corresponds
to reﬂection plane (001). The formation of the ternary CIS
compound is conﬁrmed by the diffraction peaks 2h= 26.53,
34.9 and 43.6, which correspond to the reﬂection planes
(112), (202) and (220), respectively. By heat treatment, pure
diffraction peaks of CIS (tetragonal chalcopyrite structure)and V= 600 mV (SCE); (a) before heat treatment and (b) after
734 A.E.-H.B. Kashyout et al.appeared at 2h= 30.514, 34.63, 44.194, 66.63 and 87.61,
which correspond to the reﬂection planes (004), (202),
(204), (402) and (512), respectively.
At different conditions (T= 40 C and V= 600 mV),
Fig. 4 shows that the large amount of citric acid and increasing
deposition temperature and potential cause changing the
dynamic concentration of In and decreasing the proportion
of selenium in some parts of the ﬁlm with stable concentration
of Cu as Cu- rich to In-rich. This leads to second binary phases
of CuInSe2 ﬁlm as CuSe and CuIn2Se as appeared at
2h= 52.5, 73.36 and 87.6, which correspond to planes
(312),(420) and (512), respectively. These peaks are observed
more clearly after heat treatment at 450 C in higher intensity
range due to an increase in the concentration of charge carri-
ers. This leads to increase in the conductivity of this ﬁlm as
CuInSe and In2Se3 at 2h= 64.37 and 70.98 corresponding
to planes (400) and (332), respectively.
3.3. Scanning electron microscopy (SEM)
SEM (Scanning electron microscopy Jeol (JSM5300)) has been
used to study the cross-section and surface morphology. The
increase of CIS layer thickness and particle size using heat
treatment at T= 25 C and V= 500 mV as shown in
Fig. 5 can be explained as follows: the CIS thickness lies in
the range 0.692–0.788 lm and the particle size of CIS in the
range 32–68 nm, which points to the formation of aggregation
shape in the range 0.242–0.402 lm (Fig. 5a and b). For con-Figure 5 SEM images for CIS thin ﬁlm deposited at T= 25 C and
morphology, (c) cross-section after heat treatment at 450 C under N2
under N2 for 1 h.dense the homogeneity and improve the layer thickness of
CIS thin ﬁlm, the heat treatment at 450 C for 1 hr in N2 atmo-
sphere is carried out. This is an important factor for producing
bigger layer thickness in the range 0.799–1.014 lm, which is
deposited on Mo layer (0.096 lm). The particle size of CIS lies
in the range 32–82 nm and aggregation size in the range 0.169–
0.329 lm as illustrated in Fig. 5c and d. This proves that the
structure of CIS thin ﬁlm is nano-crystalline structure.
Changing the electrochemical deposition conditions
(T= 40 C and V= 600 mv), Fig. 6 illustrate the cross-sec-
tion and morphology of SEM image.
The CIS thickness lies in the range 4.74–5.12 lm and the
particle size of CIS in the range 41–99 nm, which are formed
in aggregation shape around 0.376 lm (Fig. 6a and b). The
heat treatment 450 C for 1 h in N2 atmosphere as a important
factor for producing bigger layer thickness in the range 1.829–
1.979 lm is used for condense the homogeneity and improve
the layer thickness of CIS thin ﬁlm. The obtained particle size
of CIS lies in the range 25–47 nm and aggregation size in the
range 0.266–0.726 lm as evidenced in Fig. 6c and d. This
explains that the nature of CIS thin ﬁlm is nano-crystalline
structure. Hence, by using different deposition conditions, we
obtain the increase of the CIS thickness, decrease of CIS par-
ticle size and increase of aggregation size.
The thickness of CIS thin ﬁlms can be calculated from the
charge accumulation according to the relation:
d ¼ JMt
nFqV= 500 mV (SCE): (a) cross-sectional morphology, (b) surface
for 1 h and (d) surface morphology after heat treatment at 450 C
Figure 6 SEM images for CIS thin ﬁlm deposited at T= 40 C and V= 600 mV: (a) cross-section morphology, (b) surface
morphology, (c) cross-section after heat treatment at 450 C under N2 for 1 h and (d) surface morphology after heat treatment at 450 C
under N2 for 1 h.
Figure 7 FTIR absorption spectra of CIS thin ﬁlm deposited at: (a) T= 25 C and V= 500 mV (SCE) and (b) T= 40 C and
V= 600 mV (SCE).
(One-Step) electrochemical deposition and characterization of CuInSe2 thin ﬁlms 735where d is the ﬁlm thickness, J is the current density (mA/cm),
M is the molecular weight (g), t is the deposition time (sec), n is
the number of electrons, F is Faraday constant and q is the
CIS density (5.77 g/cm3).
It is clear that using two different conditions, the heat treat-
ment process increases the CIS thickness range in the two
cases, in the ﬁrst case from 0.33 to 1.014 lm, and in the second
case from 0.44 to 1.979 lm.
3.4. The Fourier transform infrared (FTIR) spectra
Fig. 7a shows FTIR, (Fourier Transform Infrared Spectropho-
tometer- Shimadzu FTIR-8400, Japan), spectra of CIS thinﬁlms deposited at T= 25 C and V= 500 mV (SCE). It is
shown that distinct absorption peaks are observed at
2345.28 cm1, which corresponds to (CuInSe2), and
3650 cm1 and 3844.83 cm1 to (CuInSe). On the other hand,
at deposition conditions T= 40 C and V= 600 mV, the
absorption peaks of CIS are improved to become at
2857.67 cm1 and 3295.155 cm1 corresponding to (CuInSe2),
as shown in Fig. 7b. This is illustrated from an increase in the
proportion of copper and indium in the absorption peak at
3295.155 cm1. This leads to broadening of the valance band
and high ﬂow rate of free electrons, which is produced in the
conduction band. Therefore, CIS crystal structure is improved
to become polycrystalline thin ﬁlm. This is conﬁrmed by the
Table 2 The Determined best conditions for CIS preparation at SeO2 concentration = 3.75 M and deposition time 1.5 h.
Condition Characterization of CuInSe2 thin ﬁlm
Voltage (mV) T (C) Particle size Layer thickness
500 25 (32–82 nm) (0.799–1.014 lm)
600 40 (25–47 nm) Condense layer thickness = (1.829–1.979 lm)
736 A.E.-H.B. Kashyout et al.absorption peak at 1150 cm1, where molecular oxygen was
absent in the samples. This implies that one or more selenium
vacancies exist there.
Table 2 explains the best obtained preparation conditions of
nano-crystalline CIS thin ﬁlms with suitable thickness for many
electronic applications (i.e. solar cells). Direct electrodeposition
of CuInSe2 has been investigated at potentials 500 mV and
600 mV vs. SCE. CuInSe2 thin ﬁlms are prepared potentio-
statically on conductive Mo-coated glass substrates, complexed
by citric acid. Dependence of the structure, composition, and
morphological properties of electrodeposited ﬁlms on the con-
centration of Se ions in the electrochemical bath is examined
and established. Then, the properties of the electrodeposited
ﬁlms can be controlled by varying the concentration of SeO2
in the source bath. Films with a chalcopyrite structure of CuIn-
Se2 can be directly electrodeposited from a solution of 3M In2
(SO4)3, 3M CuSO4, and 3.75 M SeO2. The annealing of these
CuInSe2 ﬁlms in the temperature 450
C leads to the improve-
ment in their crystallinity and increase in their grain size. Good
chalcopyrite CuInSe2 ﬁlms with a (112) preferential orientation
are suitable for the production of several electronic applications
{i.e. solar cells}.
4. Conclusion
The best conditions of electro-chemical deposition for the
preparation of CIS thin ﬁlms are T= 40 C, V= 600 mV
and heat treatment at 450 C for 1 hr in N2. They produce stio-
chiometric polycrystalline CIS thin ﬁlms. XRD showed sharp
peaks of chalcopyrite CIS and second binary phases of CuIn-
Se2 ﬁlm {CuSe, CuInSe, CuIn2Se and In2Se3} in higher inten-
sity range. This leads to uniform elemental distribution of Cu,
In and Se for pure tetragonal chalcopyrite phase of CuInSe2
ﬁlm as single phase, polycrystalline.
SEM showed an increase and more condensed CIS layer
than that deposited at 500 mV and 25 C. By increasing volt-
age and temperature of electro-deposition process, CIS thick-
ness increased from 0.799 to 1.979 lm. Consequently, the
particle size of CIS decreased from 32 to 25 nm and FTIR
absorption peaks of CIS thin ﬁlms are improved from
2345.28 to 2857.67 cm1. This corresponds to chemical bond
from (Cu + In)- Se) to (Cu–Se2–In). It indicated an improve
in the optical properties of CIS thin ﬁlms and excess carriers
in its thin ﬁlms for the fabrication of high-efﬁciency low-cost
solar cells, which may be used in many electronics applications.References
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